Nigel Mackman, PhD Tissue factor (TF) is a transmembrane receptor for Factor VII/VIIa (FVII/VIIa). It is constitutively expressed by cells surrounding blood vessels. The endothelium physically separates this potent "activator" from its circulating ligand FVII/FVIIa and prevents inappropriate activation of the clotting cascade. Breakage of the endothelial barrier leads to exposure of extravascular TF and rapid activation of the clotting cascade. TF is also expressed in certain tissues, such as the heart and brain, and provides additional hemostatic protection to these tissues. Small amounts of TF are also present in blood in the form of microparticles, which are small membrane vesicles derived from activated and apoptotic cells. Levels of microparticle TF increase in a variety of diseases, such as sepsis and cancer, and this so-called "blood-borne" TF may contribute to thrombosis associated with these diseases. Recombinant FVIIa has been developed as an effective hemostatic drug for the treatment of hemophilia patients with inhibitory antibodies. In addition, it is used for patients with bleeding that do not respond to conventional therapy. However, the mechanism by which recombinant FVIIa restores hemostasis has not been clearly defined. In conclusion, the TF:FVIIa complex is essential for hemostasis and recombinant FVIIa is an effective hemostatic drug.
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Thecoagul ation system has been historically divided into three pathways: the extrinsic, intrinsic, and common pathways (Fig. 1 ). [1] [2] [3] The tissue factor (TF): Factor VII/VIIa (FVII/FVIIa) complex was called the "extrinsic" pathway because an exogenous agent (i.e., TF) was required for activation of the clotting factors in plasma. The TF:FVIIa complex is the key initiator of the coagulation protease cascade and activates both FIX to FIXa and FX to FXa. This leads to the formation of low amounts of thrombin, which activates the cofactors FV and FVIII. The prothrombin time is determined by adding exogenous TF to plasma and is used to assess the activity of the extrinsic pathway. Components of the "intrinsic" pathway (FXII, FXI, FIX, and FVIII) are all present in blood. 4 The tenase complex (FVIIIa:FIXa) plays a key role in amplifying the clotting cascade by activating FX to FXa. The activated partial prothrombin time uses kaolin or other negatively charged substances to activate FXII and is used to assess the activity of the intrinsic pathway. The prothrombinase complex (FVa:FXa) and thrombin are referred to as the common pathway. The prothrombinase complex activates prothrombin to thrombin, which is the central protease of the clotting cascade. Thrombin cleaves fibrinogen into soluble fibrin monomers that polymerize. Thrombin also activates the transglutaminase FXIII to FXIIIa that in turn cross-links soluble fibrin monomers into a fibrin matrix. Finally, thrombin activates platelets by cleavage of protease activated receptors. 5 The coagulation cascade is regulated by several anticoagulants. A kunitz-type serine protease inhibitor called TF pathway inhibitor inhibits the TF:FVIIa complex by forming a quaternary complex with FXa. 6 Protein C is converted to activated protein C by a thrombin-thrombomodulin complex located on the surface of endothelial cells. 7 Activated protein C in association with its cofactor protein S cleaves and inactivates the cofactors FV and FVIII. The primary target of the anticoagulant protein antithrombin is thrombin, although it can also inactivate other coagulation proteases in the cascade, including FIXa, FXa, FXIa, and FXIIa. 8
TF IS ESSENTIAL FOR HEMOSTASIS
TF is expressed by vascular smooth muscle cells, pericytes, and adventitial fibroblasts within the vessel wall and surrounding blood vessels ( Fig. 2 ). 9,10 An early study by Drake et al. 9 proposed that TF forms "a hemostatic envelope" around blood vessels. Disruption of the endothelial barrier allows binding of plasma FVII/FVIIa to extravascular TF and activation of the clotting cascade. More recently, however, it was found that TF expressed around blood vessels is bound with FVII in the absence of injury, 11 which is presumably derived from the plasma. In contrast, TF in squamous epithelium in the skin did not contain FVII. These data suggest that the TF:FVII complex is preformed around blood vessels in the absence of injury, which would allow a more rapid activation of clotting after injury.
Inactivation of the TF gene in mice revealed an essential role for TF in hemostasis. [12] [13] [14] TF deficiency was associated with death during embryonic development and in the perinatal period. Similarly, mice lacking FVII die in the perinatal period. 15 Humans can survive with very low levels of FVII but apparently not without TF. 16 However, it is difficult to measure levels of TF because it is primarily expressed in tissues in normal individuals. In contrast, the intrinsic pathway may be viewed as important but not "essential" for life in both humans and mice. For instance, humans and mice lacking FXII have no hemostatic defects. Humans lacking FXI generally have mild hemostatic defects, whereas mice lacking FXI have no hemostatic defects. The most common deficiencies in the clotting system in humans are FVIII (Hemophilia A) and FIX (Hemophilia B). 4 Both of these deficiencies are associated with hemostatic defects, particularly in the joints and skeletal muscle. Mice lacking FVIII or FIX survive but exhibit excessive bleeding after hemostatic challenge, such as tail transection. 17 These results are consistent with the notion that the tenase complex (FVIIIa:FIXa) amplifies the clotting cascade and thus plays an important role in hemostasis. 4
IDLING OF THE CLOTTING SYSTEM IN NORMAL INDIVIDUALS
Several studies have shown that there is a low basal level of activation or "idling" of the clotting system in normal individuals, which would allow a more rapid response to vessel injury. This may be initiated by a continuous low level activation of coagulation or from subclinical vascular injuries (see later). Evidence for idling of the clotting cascade came from the measurement of activation peptides. For instance, the final step of the clotting cascade is thrombin cleavage of fibrinogen, which leads to the release of two peptides called Fibrinopeptide A and Fibrinopeptide B. These peptides have a very short half-life in plasma of around 3-5 min. In 1974, Nossel et al. 18 measured the level of Fibrinopeptide A in plasma in 30 normal men and found mean levels of 0.5 ng/mL. The fact that this short-lived peptide could be detected in healthy individuals suggested an idling of the clotting cascade. Further support for this notion was provided by Bauer et al. 19, 20 who showed that normal individuals have plasma concentrations of the FX and FIX activation peptides of 66.4 pmol/L (range, 39.4 -112 pmol/L) and 203 pmol/L (range, 131-284 pmol/L), respectively. The half-life of the FX activation peptide was determined to be Ͻ30 min. What pathway is responsible for the basal activation of the clotting cascade? This question was addressed by analyzing the levels of FX and FIX activation peptides in individuals with deficiencies in either the extrinsic (FVII) or intrinsic pathways (FXI). A deficiency in FVII was associated with a decrease in the levels of FX and FIX activation peptides, whereas a deficiency in FXI of the intrinsic pathway did not change the levels of these peptides. 19, 20 Moreover, administration of an inhibitory anti-TF antibody into chimpanzees reduced the basal levels of both the FIX and FX activation peptides. 21 Levels of thrombin-antithrombin complex in plasma can also be used to monitor basal coagulation in humans and mice. We found that mice genetically engineered to express very low levels of TF have lower levels of basal thrombin-anthrombin complex. 22 These results indicate that the extrinsic pathway is responsible for idling of the clotting cascade in normal individuals and in mice. How does the TF:FVIIa complex participate in the idling of the clotting cascade? Two models can be proposed: one involving extravascular TF and the other involving intravascular TF (Fig. 3 ). However, these models are not mutually exclusive. In the "extravascular TF" model, leakage of clotting factors from the blood into the vessel wall or after subclinical vessel injury is proposed to generate low levels of thrombin (Fig. 3A) . Studies by Hoffman et al. 11 described earlier showed that extravascular TF is bound with FVII. Indeed, one study measured the levels of different clotting factors in peripheral afferent lymph as a monitor of the degree of leakage from the blood. As expected, levels of the smaller clotting proteins (FVII, FIX, FX, and prothrombin) in the lymph were higher than the larger proteins, such as FV and fibrinogen. 23 One can speculate that the presence of these clotting factors, together with TF in the vessel wall, may generate low levels of thrombin even in the absence of the cofactors FV and FVIII. Diffusion of this thrombin back into blood would bring it into contact with fibrinogen. Alternatively, subclinical vessel injury would allow access of plasma clotting factors to extravascular TF. In the "intravascular TF" model, low levels of TF in the blood itself, so-called circulating TF, would be responsible for the idling of the clotting cascade ( Fig. 3B ). 24 Circulating monocytes have been shown to express low levels of TF and this may be the major source of intravascular TF that leads to basal coagulation. 25 It should be noted that this concept is controversial because some investigators believe that there is no functional TF in the blood of normal individuals. 26, 27 Importantly, wild-type mice containing bone marrow from low TF mice had reduced levels of basal thrombin-antithrombin complex, suggesting that TF expression by hematopoietic cells contributes to the idling of the clotting cascade. Regardless of the source, these results indicate that the TF:FVIIa complex plays a key role in idling of the clotting cascade.
TF IS EXPRESSED IN A TISSUE-SPECIFIC MANNER
A classic view of the clotting system is that it functions in a similar manner in all tissues, but recent studies indicate that this is not the case. For instance, TF is expressed at different levels in different organs in both humans and mice. High levels of TF are present in the brain, lung, heart, uterus, placenta, and testis, whereas low to undetectable levels are present in skeletal muscle, joints, and liver ( Fig. 4) . 9, 28, 29 We speculated that this TF provides additional hemostatic protection to vital tissues. However, this notion was difficult to test. Fortunately, we engineered mice that expressed low levels of TF, so-called "low TF mice." Low TF mice express low levels of human TF under the control of the human TF promoter. 30 This promoter directs a cell type-specific pattern of TF expression that is similar to wild-type mice and is sufficient for survival of embryos and general hemostasis in adult mice. However, we observed tissue-specific hemostatic defects in older low-TF mice, including hemorrhages in the lungs, heart, brain, uterus, placenta, and testis [31] [32] [33] [34] Similar hemostatic defects were observed in mice engineered to express low levels of FVII. 15, 33 This indicated that a deficiency in the TF:F-VIIa complex was associated with tissue-specific hemostatic defects in mice. Childbirth is a major hemostatic challenge because the placenta must be separated from the uterine wall. As noted earlier, high levels of TF are found in the uterus. We found that TF plays a critical role in uterine hemostasis because we observed a high frequency of fatal hemorrhages of low TF female mice postpartum. 31 Surprisingly, mice deficient in components of the intrinsic pathway (FVIII or FIX) have normal postpartum hemostasis. Interestingly, a pharmacological approach also led to tissue-specific hemorrhage in mice. Administration of an inhibitory anti-human TF antibody to mice that expressed human TF induced bleeding in the lung, heart, brain, and testis 35, 36 What about tissues that have low levels of TF? As mentioned earlier, individuals with hemophilia A or B are prone to hemorrhages in joints and skeletal muscle, which are both sites with low levels of TF. This strongly suggests that hemostasis in skeletal muscle and joints is more dependent on the intrinsic pathway rather than the extrinsic pathway ( Fig. 4) . Taken together, these observations support our proposal that TF expression in certain tissues provide additional hemostatic protection.
The bleeding sites in low TF mice and low FVII mice (heart and lung) are generally in tissues that are mechanically active. Similarly, bleeding in Hemophilia A and Hemophilia B patients is more common in joints and skeletal muscle. We speculate that blood vessels in these tissues are injured by the mechanical activity of the tissue. In individuals with normal hemostasis, these injuries result in small hemorrhages with rapid repair. In contrast, joint bleeds in individuals with hemophilia lead to inflammation and eventually hemophilic arthropathy. We have found that bleeding into the hearts of low TF mice leads to inflammation and fibrosis. Therefore, the extrinsic and intrinsic pathways of blood coagulation are particularly important for maintaining hemostasis in mechanically active tissues.
RECOMBINANT FVIIA AS A HEMOSTATIC DRUG
Recombinant FVIIa (rFVIIa) has been developed as a hemostatic drug for the treatment of hemophilia patients with inhibitors. 37 It is used in these patients in acute settings to ensure hemostasis during major surgery and to stop serious bleeds. rFVIIa has also been used in secondary prophylaxis for patients with severe hemophilia. Daily treatment of patients with rFVIIa during a 3-mo observation period reduced the number of hemorrhagic episodes. 38 Given the short half-life (approximately 2 h) of rFVIIa, it seems surprising that a daily dose of rFVIIa was able to maintain hemostasis. One possibility is that rFVIIa may diffuse out of the vasculature and bind to extravascular TF where it would increase the amount of the TF:FVIIa complex and thus increase thrombin generation. This idea is consistent with the observation that endogenous FVII binds to extravascular TF. Regardless of the mechanism, these clinical results indicate that supplementation of the extrinsic pathway with recombinant FVIIa can restore hemostasis in individuals with defects in the intrinsic pathway. rFVIIa has also been used "off-label" to treat bleeding in patients with platelet defects and in normal individuals with uncontrolled bleeding because of surgery, trauma, or child birth. A summary of many studies indicated that the thrombotic complications associated with the use of rFVIIa are in the range of 1%-2%, suggesting that it was a safe drug 39, 40 These results led to the suggestion that rVIIa could be used as a general hemostatic drug to treat a range of bleeding problems. 39, 41 However, other investigators do not support this conclusion and recommend randomized clinical trials to assess the efficacy and safety of FVIIa in patients without hemophilia. 42, 43 Recently, the efficacy and safety of rFVIIa was assessed in patients with acute intracerebral hemorrhage. 44 Unfortunately, despite a reduction in bleeding the low (20 g/kg) and high (80 g/kg) doses of rFVIIa did not improve clinical outcome. Moreover, the thromboembolic adverse events in arteries for the high-dose patients were more than double the placebo group (9% vs 4%). In a mouse model, overexpression of FVIIa led to thrombosis and premature death of the mice. 45 Interestingly, thrombosis was most common in the heart and lung, which are sites of high TF expression. These results suggest that further studies are required to understand the causes of the thromboembolic events associated with the administration of rFVIIa.
The mechanism of action of rFVIIa has not been clearly established and high doses are required to restore hemostasis. It should be noted that the presence of TF enhances the activity of FVIIa for its substrate FX by about 1000-fold, so very low levels of TF would have a dramatic effect on the activity of rFVIIa. An early study showed that FVIIa can activate FX on a negatively charged phospholipid surface independent of TF. 46 This observation was extended by Hoffman et al. 47 who proposed that therapeutic doses of rFVIIa bind to phosphatidylserine exposed on the surface of activated platelets and activates FX in a TF-independent manner 41 Other investigators suggest that rFVIIa requires TF to restore hemostasis. An early study suggested that high doses of rFVIIa are required because it needs to compete with zymogen FVII for binding to TF and increase the formation of an active TF:FVIIa complex. 48 In support of this idea, one study showed that zymogen FVII delayed thrombin generation in a TF-dependent model of hemophilia, and this inhibition could be overcome by therapeutic doses of FVIIa. 49 -51 Further studies are required to clarify how rFVIIa restores hemostasis in patients with a deficiency in the intrinsic pathway or with uncontrolled bleeding.
CONCLUSIONS
The TF:FVIIa complex is essential for hemostasis. TF expression in certain tissues provides additional hemostatic protection. Supplementation of the extrinsic pathway in the form of rFVIIa can be used to correct hemostatic defects in individuals with deficiencies in the intrinsic pathway. However, the mechanism of action of rFVIIa is still not fully understood. Although rFVIIa has been used off-label to treat bleeding in patients without hemophilia, there is a risk of thrombosis. Further studies are needed to improve the efficacy and safety of hemostatic drugs used to treat bleeding.
